Introduction
The spatial and temporal distribution of shallow landsliding are important controls on landscape evolution and a Debris flows typically occur during intense storms or periods of extended rainfall [e.g., Caine, 1980] , reflecting the effect of elevated soil moisture on soil strength. Topography influences shallow landslide initiation through both concen- Sidle, 1992] . Each of these approaches is valuable for certain applications. None, however, takes full advantage of the fact that debris flow source areas are, in general, strongly controlled by surface topography through shallow subsurface flow convergence, increased soil saturation, and shear strength reduction. This topographic influence on near-surface hydrologic response, and thus debris flow generation, can be modeled using digital elevation data.
Two approaches have been proposed recently that use digital terrain data to represent spatial distributions of slope instability. One involves generating topographic attributes from digital elevation data (e.g., slope) which can be combined with other characteristics such as vegetation, or lithology, in a geographical information system (GIS) to identify hazardous areas based on observed correlations between landsliding and these attributes [Carrera et al., 1991] . While this approach may provide an effective method for identifying areas in which debris flows are an important process, it tends to classify relatively large areas into stability types, rather than resolve fine-scale patterns of instability that would be particularly valuable for hazard assessment or land management. Moreover, such models tend to be site specific because of the empirical basis of GIS-based multivariate analysis.
The other approach is to use digital elevation data to make more process-based predictions of site instability. Okimura and colleagues [Okimura and Ichikawa, 1985 Here we build upon this approach and our previous work [Dietrich et al., , 1993 Most of the Met(man Ridge catchment is predicted to be unstable at some rainfall rate (Table 1) Almost the entire Split Creek catchment also is predicted to be unstable at some rainfall intensity (Table 1) . Again, steep, low-order channels and the lower end of topographic hollows are predicted to be most susceptible to failure (Plate 2c). At greater rainfall intensities, zones of predicted instability expand farther up hollows and onto the base of surrounding slopes, eventually extending into topographically divergent hillslopes. All of the observed landslide scars occur in topographic hollows or on steep side slopes in areas predicted to be least stable (Table 2) .
In each of these catchments, landslides occurred with disproportionate frequency in areas predicted to be least stable ( Several additional qualifications apply to the application of digital terrain models to geomorphic processes. These concern the quality of the data, the relevance of the model to specific field applications, and the methods employed to evaluate, constrain, or calibrate the model. In general, simulations based on digital terrain models are only as accurate as the digital elevation data upon which they are based. Unfortunately, many digital terrain models onl. for Ps, tan c), and T. Some judgement is required to determine an upper limit to the steady state rainfall used to define zones of potential instability. In the end, processbased models for assessment of debris flow hazards are only as valid as the information used to parameterize them. Nonetheless, we feel it is a step forward to have a processbased model that appears to have wide applications and which is based on only a few parameters with a finite range and a physical meaning such that field data can be collected to estimate their value. Moreover, the present model can be made more realistic by adding estimates of spatial variation of soil depth, strength (including cohesion), and transmissivity and by using a dynamic rather than steady state rainfall.
It is an open question whether the introduction of poorly constrained and spatially variable parameters that this will require will substantially improve predictions of relative slope stability.
This model also has implications for long-term landform development in steep, soil-mantled terrain. In particular, our analyses indicate that the topographic control on shallow landsliding initiation may be similar for hollows and the lower portions of steep valley wails. This finding is consistent with the hypothesis that an erosional threshold defined in terms of drainage area and slope controls the limit to landscape dissection and thus valley development [Montgomery and ].
Conclusions
The model described above provides a method for assessing the relative potential for shallow landslide initiation in steep, soil-mantled terrain underlain by low-permeability material. Field observations and landform provide constraints on hydrologic parameters, and estimates of the soil conductivity, thickness, bulk density, and friction angle may be constrained by field observations or measurements. In essence, the model then quantifies the topographic influence on shallow slope stability. Portions of the landscape predicted to be least stable 0ow-order channels, hollows, and steep side slopes) correspond to locations where debris flows typically initiate (see review by Montgomery et al. [1991] ). Temporally variable rainfall may be accommodated in future versions of the model but may not be required for relative hazard assessments. Our analysis indicates that coupled hydrologic, slope stability, and digital terrain models provide a powerful tool for assessment of debris flow hazards.
Locations of observed landslide scars support the interpretation that elements with the lowest q cr needed to cause failure are most unstable. However, a practical consideration in using this model is whether elements requiring very high rainfall to become unstable should still be considered hazardous. We believe this question can only be answered in the context of the problem. Even a site that takes an extreme rainfall to mobilize as a landslide constitutes a significant hazard if it lies upslope of either an inhabited structure, such as a private home, or a critical resource, such an the habitat for threatened and endangered species. While our model appears to be of general use in delineating the relative potential for shallow landsliding, the practical application to land use decisions still needs evaluation and requires judgement or values external to the model framework.
